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Coating of long-alkyl-chain alcohols on nanophased amorphous iron nanoparticles has been carried out
using the self-assembled technique. The formation of chemical bonds between the substrate and the
alcohols was demonstrated by FTIR and XPSmeasurements. The superparamagnetic nature of the small
coated nanoparticles is detected in the magnetization measurements.

Introduction

Themost favorable surfactant formetals,metal oxides,
and ceramic materials is the thiol chromophore. It has
beenused in the coating of flat surfaces aswell as isolated
particles using both Langmuir-Blodgett and self-as-
sembled methods.1-9 Alcohols on the other hand have
been used less frequently for coating particles and flat
surfaces, perhaps due to weaker chemical bonds with the
substrates.
Octadecyl alcohol10 was coated on Fe, Ni, Cr, and Pt

surfaces at elevated temperatures anddidnot formclosed
packedmonolayers on Fe. Self-assembled monolayers of
n-decanol11 on a Au(111) film were studied by using the
STMtechnique. Themoleculeswere showntobearranged
in a hexagonally closed-packed array with an interchain
spacing of 0.5 nm. Octadecyl alcohol12 was also used in
coating magnetite particles which had undergone a first
layer coating by silica. This was done in order to produce
a stable dispersion of the magnetic particles in a non-
aqueous solution. More recentlyporousSiparticles13were
coated by alcohols and their luminescence was observed
to be hardly affected by such coatings.
We have used amorphous iron and amorphous iron

oxide14,15 nanoparticles as substrates for self-assembled
coatings with sodium dodecyl sulfate (SDS), octadecyl-

trichlorosilane (OTS) and long-chain thiols.16-19 Wehave
measured themagnetic properties, thermal stability, and
reactivityof thesecoatedparticles. In thispaper,wereport
the room-temperature coating of 1-octanol, 1-dodecanol,
and 1-tridecanol on amorphous iron nanoparticles. The
characterization of the coated particles was carried out
by IR spectroscopy, XPS, and measurements of magne-
tization and floatability properties.

Experimental and Discussion

The amorphous iron nanoparticles were prepared according
to the process outlined by Suslick.20,21 In short, a 1 M solution19
of Fe(CO)5 in decanewas sonicatedunder argon for 3h to prepare
the amorphous iron. The amorphous iron was coated with the
alcohols by taking a 12:1 iron/alcohol molar ratio in 20 mL of
ethanol. The washing and drying process was similar to that
described for the thiols.18

To probe whether any interaction has occurred between the
amorphous iron and the alcohols we measured the floatability22
of the coated particles and compared the results with those of
the uncoated iron nanoparticles. We also demonstrated the
existence of the interaction by comparing the catalytic activity
of bareamorphous ironnanoparticles towardH2O2decomposition
with that of the coated particles. Finally, to determine whether
the interaction ismerely aphysical adsorption or chemical bonds
are formed between the substrate and the alcohol, we have
measured the infrared and X-ray photoelectron spectra and the
magnetismof the coated particles and compared the resultswith
those of the uncoated iron particles.
We have used floatability measurements (total floating and

total sinking) to demonstrate that the alcohol molecules are
adsorbed (physically or chemically) on the surface of the iron
nanoparticles. In this method the coated particles were placed
onthesurfacesofaseriesof liquidswithdifferentsurface tensions.
The surface tension of each solution was measured in a torsion
balance, according to the De Noüy method. The uncoated iron
nanoparticles sink even in pure water. If the “critical spreading
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concentration” of these coatedparticles is higher than the surface
tension of the liquid, they will sink; otherwise, they will float.
InTable1,wepresent theresults of the floatabilitymeasurements
of amorphous iron coatedwithdifferentalcohols. Abovea surface
tension of 46.4 dyn/cm all the particles float. The existence of
a transition region, in which a fraction of the particles sinks, is
due to variations in the surface energies of the coatings and the
degree of the coating. The results shown inTable 1 demonstrate
that the coating of 1-octanol is superior to those of 1-dodecanol
and 1-tridecanol. It means that the coating is not dependent on
the length of the surfactant, and this is surprising. It is clear,
however, that the floatability properties of the alcohol-coated
particles are very different from those of the bare iron particles,
indicating the existence of a coating on the surface.
Amorphous iron is known to catalyze the decomposition of

H2O2 to oxygen and water. We have compared the rate of
decomposition of H2O2 during catalysis by bare iron particles
with that of the alcohol-coated iron particles. The results show
that, after an incubation period, the rate of decomposition
catalyzed by the bare iron particles is faster than that of the
coated particles, although indirectly they are pointing to the
existence of long-chain alcohols on the iron surface.
The nature of the interaction between the amorphous iron

substrate and the coating alcohols was investigated by FTIR
and XPS measurements. In Figure 1 we present the FTIR
spectrumof tridecanol and theamorphous iron-coated tridecanol
in the 2700-3600 cm-1 range. The room-temperature FTIR
spectra were recorded on a Nicolet (Impact 410) spectrometer.
The measurements were performed on KBr pellets each contain-
ing 1 mg of coated amorphous iron and 180 mg of KBr (FTIR
grade). The absorption peaks at 2848.2 and 2918.6 cm-1

correspond to the CH2 symmetric and antisymmetric stretching
bands of the 1-tridecanol coating.
FTIR absorption frequencies andwidths of CH2 bands23,24 can

be used to evaluate the degree of order of the various coatings.
The location of the absorption peaks of the CH2 stretchingmode,
aswell as thewidth of this band, is shown inTable 2 for the three
different coatings. On the basis of the widths of the 2919-cm-1

bands, 1-octanol is the least organized coating. This is not
surprising due to the more restricted interaction between the
chains. If we compare, however, these widths to those for thiol-
coated amorphous iron, the numbers for the C13 are almost
identical. The most important evidence for the formation of a
chemical bond between the alcohol and the iron is found in the
O-H stretching mode region, 3000-3500 cm-1. The O-H
stretching vibration of the tridecanol at 3288 cm-1 disappears
completely. Thebandpeakingat3420-3430 cm-1 is due towater
molecules related to the KBr powder.
TheXPSspectra ofuncoatedandalcohol-coated ironare shown

in Figure 2. The spectra are of the Fe(2p)25-27 photoelectrons of
bare amorphous iron and the alcohol-coated iron particles,
respectively. The spectrum of the bare iron is much broader
than the corresponding spectrum of the coated particles, due to
the partial oxidation of the iron in the uncoated particles. The
XPS of the crystalline iron should exhibit a peak at 707 eV, and
the Fe2O3 peak is reported at 710.9. If the observed shoulder at
707 eV is indeed due to zerovalent iron, then its disappearance
in thealcohol-coated ironmustbedue tobonding to the tridecanol.
The peak detected at 719 eV, in the bare particles, assigned to
Fe2O3, undergoes a red shift to 716 eV upon its coating by the
tridecanol. We conclude at this stage that the oxidized surface
layer and zerovalent iron atoms that are found on the surface
or close to the surface are both bonding the tridecanolmolecules.
The remaining question is whether the alcohol is mostly bonded
through Fe-O(-O-) bonds or through Fe-O bonds. The
O(1s)25-27 XPS spectrum does not provide a conclusive answer
to this question. The spectra, depicted in Figure 3, show that
the most intense peak, which appears at 530.1 eV in the bare
iron, undergoes a slight red shift upon its coatingwith tridecanol
to 529.95 eV. This fits very well the reported binding energies
for Fe2O3 (530.2 eV) and for Fe-O*(-O-H) (530.1 eV). In other
words a red shift of 0.1 eV can be explained by formation of the
Fe-O(-O) bonds. However, it is also consistent with a surface
composed only of Fe-O-C-C... bonds, as the binding energies
of theFe2O3almost coincidewith thoseof theFe-O(-O-)moiety.
This explanation would require the elimination of a water
molecule when the alcohol forms a bond with the oxidized iron
oxide (Fe2O3) on the surface and the elimination of a hydrogen
atomwhen it interactswith thebare ironatom. The IRspectrum
of the alcohol-coated iron particles shows two relatively strong
bands at 1045 and 1093 cm-1. The IR spectrum of Fe-O(-O-
H) reveals a broad absorption feature peaked at 1120 cm-1. This
is an unassigned band which we tend to attribute to the O-O
stretching mode. We conclude therefore that the alcohols are
bonded to the surface of the iron particles through two channels,
the first being through the Fe-O-O bonds which are due to the
oxidized iron layeron thesurfaceandthesecond, thepredominant
bonding, being through direct Fe-O-C bonds resulting from
the zero valence iron atoms on the surface.
The results of magnetization loop measurements of the

1-octanol-, 1-dodecanol-, and1-tridecanol-coatedamorphous iron
particles are depicted in Figure 4. The iron concentration was
determined by ICPAES measurements (Spectroflame, Spectro,
Kleve, Germany). The magnetization loop measurements were
conducted at room temperature using an Oxford Instrument
vibrating sample magnetometer (VSM). Saturation is not
detected for any of the samples even at 15 KG. Similarly, we do
not observehysteresis foranyof the three samples. Thisbehavior
is typical for a superparamagnetic28-31 species. The loops shown
in Figure 4 demonstrate shapes characteristic for paramagnetic
particles and can be fitted to the Langevin31-33 function. The
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Figure 1. FTIR absorbance of (a) 1-tridecanol-coated amor-
phous iron and (b) 1-tridecanol.

Table 1. Characterization of Coatings by Floating
Measurements

coating
surface tension
float (dyn/cm)

surface tension
sink (dyn/cm)

transition region
(dyn/cm)

1-octanol 46.4 41.6 4.8
1-dodecanol 46.4 33.9 12.5
1-tridecanol 46.4 33.9 12.5

Table 2. Characterization of Coatings by FTIR

coatings absorption, cm-1 absorption width, cm-1

1-octanol 2921.5 25.6
1-dodecanol 2919.8 22
1-tridecanol 2918.6 21.4
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calculated data are presented in Figure 4, and a reasonable fit
to theexperimental results is obtained. Indeed, the least-squares
fit is not perfect, the low-field slope is lower, and the high-field
susceptibility of the calculated curve is also lower than the data.

These deviations are due to the distribution of the iron particle
sizes and possible dipole-dipole interactions between the
particles.31-33 Using low-field expansion of this function or a
direct fit, we roughly estimate the magnetic particle size in our

Figure 2. The Fe(2p) XPS spectrum of amorphous iron and 1-tridecanol-coated amorphous iron.

Figure 3. The O(1s) XPS spectrum of amorphous iron and 1-tridecanol-coated amorphous iron.

Figure4. Magnetization loopof alcohol-coatedamorphous ironparticles.The circles, triangles, andsquarespresent theexperimental
data. The full lines depict the calculated magnetization for each alcohol.
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materials for all three cases as 10-20 Å. This estimate is of
course much smaller than that seen from direct TEM images.
This is explained by taking into account agglomeration of
magnetic particles. The magnetization measurements indicate
that the 10-20-Å particles within the agglomerated particle are
independent (i.e. there isnoexchange interactionbetweenthem).
The dependence of the magnetization values on the length of

the alkyl chain reveals the tridecanol-coated iron particles to
have the largest magnetization. These results are contrary to
those obtained for amorphous iron and amorphous Fe2O3-coated
thiol particles, where the longer the alkyl chain, the weaker is
themagnetization. Whether thedifferences in themagnetization
loops of the alcohol-coated iron particles are meaningful or they
are within the experimental error is now under careful study.
However, the difference in magnetization values at large fields
reflects differences due to the surfactant itself. The largest
magnetization observed in tridecanol-coated material may be
interpretedasareductionofdipole fieldsdue tomagneticparticles
separation. These results are contrary to those obtained for thiol-
coatedFeandthiol-coatedFe2O3,where the largestmagnetization
is observed for the shortest thiol molecule. The magnetization
of alcohol-coated iron is larger than that of thiol-coated particles
(with the same surfactant to substrate molar ratio). When we
compare themagnitudeof themagnetismofdodecanethiol-coated
iron and dodecanol-coated iron prepared with the same surfac-
tant/substrate molar ratios, that of the alcohol is larger by a
factor of about 2.5. We explain this as a result of a better coating
obtained for the thiol which is better at shielding the magnetiza-
tion of the iron core.
Several explanations are possible for the alkyl chain length

dependence, although the complexity of the problem does not
permit an unequivocal conclusion.

The straightforward factor, thedifference in chemical bonding,
may lead to different spin ordering on the particle surface. This
may provoke a significant change in the magnetic surface
anisotropy, thus being responsible for the observed effect.34-36

Another more speculative explanation may be a sign reversal
(along the external field) of the effective internal dipole fields in
the case of alcohol-coated iron. The direction of the internal
dipole fields depends on the geometrical arrangements of the
magnetic particles, the crystal, and the shape anisotropy. Thus,
different surfactants may affect those properties and lead to the
observedeffects. Additional studiesarenow inprogress to clarify
this question.
We have demonstrated in this letter that alcohols can form a

coating on amorphous iron nanoparticles through the formation
of chemical bonds.
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